Spontaneous proton decay and the origin of Peccei-Quinn symmetry by Reig, Mario & Srivastava, Rahul
Spontaneous proton decay and the origin of Peccei-Quinn symmetry
Mario Reig1, ∗ and Rahul Srivastava1, †
1AHEP Group, Institut de F´ısica Corpuscular – CSIC/Universitat de Vale`ncia, Parc Cient´ıfic de Paterna.
C/ Catedra´tico Jose´ Beltra´n, 2 E-46980 Paterna (Valencia) - SPAIN
We propose a new interpretation of Peccei-Quinn symmetry within the Standard Model, identify-
ing it with the axial B+L symmetry i.e. U(1)PQ ≡ U(1)γ5(B+L). This new interpretation retains all
the attractive features of Peccei-Quinn solution to strong CP problem but in addition also leads to
several other new and interesting consequences. Owing to the identification U(1)PQ ≡ U(1)γ5(B+L)
the axion also behaves like Majoron inducing small seesaw masses for neutrinos after spontaneous
symmetry breaking. Another novel feature of this identification is the phenomenon of spontaneous
(and also chiral) proton decay with its decay rate associated with the axion decay constant. Low
energy processes which can be used to test this interpretation are pointed out.
1. INTRODUCTION AND MOTIVATION
Ever since it was first proposed in [1], Peccei-Quinn
(PQ) symmetry has been the leading and most popular
paradigm to explain the so called “strong CP problem”
i.e. the observed CP conservation by the strong inter-
action. Its main prediction is the existence of the asso-
ciated pseudo-Nambu-Goldstone boson, the axion [2, 3].
The axion receives its mass from non-perturbative QCD
effects (see [4] for a recent review of QCD axion prop-
erties) and constitutes one of the most promising dark
matter candidates [5–7]. Many experiments are looking
for this elusive particle with several present and future
experiments in various phases of implementation [8–16].
Despite its great success in addressing the strong CP
problem, the origin of PQ symmetry remains a mystery.
In the early days, attempts were made to identify PQ
symmetry with the axial baryon number U(1)A. This
implied that the U(1)PQ was spontaneously broken by
the Higgs vacuum expectation value (vev) 〈Φ〉 = v/√2.
The coupling of the axion to matter is, then, inversely
proportional to the vev i.e. f−1A ∝ 1/v [17] and was soon
ruled out experimentally. The axion can be made invisi-
ble by assuming that PQ symmetry is broken by the large
vev of a Standard Model (SM) singlet scalar. Depending
whether the SM quarks are charged under PQ symmetry
or not, there exist two main classes of models namely the
DFSZ [18, 19] and KSVZ [20, 21] models, respectively.
In the DFSZ class of models no additional fermions are
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required while in the KSVZ models exotic quarks are
needed to induce the QCD anomaly for PQ symmetry.
However, in either type of invisible axion scenario the
important point to note is that the PQ symmetry cannot
be associated to axial baryon number like in the original
proposals.
In most of its current avatars the PQ symmetry is as-
sumed to be an additional global symmetry beyond the
symmetries present in SM. This symmetry as well as the
transformation of the SM fermions under it are fixed in a
somewhat ad-hoc fashion. This allows one, for instance,
to define models with very different axion-photon cou-
pling [22, 23]. In addition, recently, a number of authors
have made some insights in relating the PQ symmetry
and the axion to flavor physics ([24–36])1, unification
[38–42], inflation ([43–48] and neutrino mass generation
([30, 49–53]).
In this letter we propose a new interpretation of Peccei-
Quinn symmetry within SM. It is well known that apart
from gauge symmetries the SM also has two accidental
symmetries, namely the Baryon U(1)B and Lepton U(1)L
number symmetries. Although both these symmetries
suffer from SU(2)L anomaly, it should be noted that nei-
ther them nor any linear combination like U(1)B−L or
U(1)B+L symmetry can be identified with PQ symme-
try. This is simply because they are not anomalous with
respect to SU(3)c symmetry, as needed for the PQ mech-
anism to work.
If one relaxes the condition that all SM fermions get
1 The idea that PQ symmetry might have a non-trivial relation
with a flavor group was proposed a long time ago [37].
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2mass from only one Higgs doublet, then one can indeed
have more general variant of the U(1)B+L symmetry. Of
particular interest is the possibility of an axial variant of
U(1)B+L symmetry. Here, we show that this symmetry,
which we denote as U(1)γ5(B+L) can be identified with
the PQ symmetry i.e.
U(1)PQ ≡ U(1)γ5(B+L) (1)
Since the B and L charges of all SM fermions are fixed
hence with this identification the PQ charges for different
fields can no longer be arbitrary and are automatically
fixed to be
[qL] = −[qR] = 1/3 , [lL] = −[lR] = 1 . (2)
Furthermore, with aim to generate naturally small seesaw
masses for neutrinos, we also add three copies of right
handed neutrinos with [νL] = −[νR] = 1 under the PQ
symmetry.
It can be seen that the above PQ charges for quarks
coincide with the charges of canonical DFSZ models [18]
up to an unphysical rescaling. Thus the QCD anomaly
structure is identical to the DFSZ class of models. Akin
to them, the spontaneous breaking of anomalous PQ
symmetry drives the QCD vacuum to a CP conserving
minimum, thus solving the strong CP problem. The ma-
jor difference resides in the lepton sector, which in our
proposal has a PQ charge three times bigger than quarks.
This can potentially allow one to discriminate between
axion models and test our proposal.
Just like in usual PQ models, the U(1)γ5(B+L) will be
broken spontaneously at high energies. However, the fact
that the PQ symmetry is same as axial B+L symmetry
leads to several interesting consequences as we discuss in
next section.
2. U(1)γ5(B+L) BREAKING: THE SEESAW
MECHANISM AND SPONTANEOUS PROTON
DECAY
As in usual PQ models, the U(1)γ5(B+L) symmetry
has to be broken at a high energy scale. In order to
accomplish this we introduce a SM singlet scalar field
σ ∼ (1, 1, 0) with PQ charge
[σ] = 2 . (3)
The vev of σ field will break U(1)γ5(B+L) to a residual Z6
subgroup under which quarks will transform as ω or ω−1
and leptons will transform as ω3; ω being sixth root of
unity with ω6 = 1. As we now show, the γ5(B+L) nature
of PQ symmetry along with the particular choice of its
breaking has the attractive feature that the PQ breaking
scale can now be related with the seesaw scale as well
as the scale of “spontaneous proton decay”. To show
this we start with the operators responsible for generat-
ing Majorana mass of neutrinos and those mediating the
proton decay. The Lagrangian responsible for neutrino
mass generation is given by:
Lν = yνij l¯iHννjR +
yMij
2
νiRν
j
Rσ + h.c. (4)
where li; i = 1, 2, 3 are the SM lepton doublets and Hν
is a SU(2)L doublet scalar carrying γ5(B + L) charge
of 2. The vev of σ field apart from breaking the PQ
symmetry also simultaneously generates a large Majo-
rana mass MνR = yMij 〈σ〉 for νiR. After EW symmetry
breaking, this leads to naturally small masses for SM neu-
trinos through the well-known type-I seesaw mechanism
[54–56]. Notice that this construct is very similar to the
canonical Majoron type-I seesaw models [57, 58]. The
difference being that, in our case it is the spontaneous
breaking of U(1)γ5(B+L) which leads to neutrino masses.
Thus the resulting axion of our model also behaves like
the Majoron of the canonical models. In addition, the
connection of PQ symmetry to axial B + L implies a
conceptual relation between the axion and neutrino mass
scale in a similar way to [30]
ma ∼ ΛQCDmpi
v2EW
mν . (5)
Another novel and striking feature is the link between
proton stability and PQ symmetry, originating from the
fact that in our case PQ symmetry is just γ5(B + L)
symmetry.
Thus the spontaneous breaking of PQ symmetry
through 〈σ〉 also triggers spontaneous proton decay. In-
deed this link can be seen at the effective operator level
itself. Given the PQ charges of the fermions and σ, one
can see that following effective operators are allowed by
all symmetries
1
Λ3
qLqLqLlLσ
∗ ,
1
Λ3
qRqRqRlRσ . (6)
Once the PQ symmetry is broken by 〈σ〉, these operators
can lead to spontaneous proton decay in an appropriate
3Ultra-Violet (UV) completion of the model as we will
discuss in next section. If we take 〈σ〉 ∼ 1011 GeV i.e.
the typical PQ breaking scale then one can easily see
that not only it concides with a natural seesaw scale but
also such a scale implies the UV completion scale to be
at or below Grand Unified Theory (GUT) scale. Indeed
taking the latest Super-Kamiokande (SK) bounds [59] we
find that
〈σ〉
Λ3
≤ 4× 10−32 GeV−2 . (7)
For 〈σ〉 ≡ fA ∼ 1011 GeV we get
Λ ≥ 1.36× 1014 GeV . (8)
The fact that axial (B+L) is broken in two units is sugges-
tive of a particular type of proton decay namely “chiral
spontaneous proton decay”. As we discuss shortly, this
opens a new experimental probe to potentially test our
proposal in baryon decay experiments. In next section,
as an illustrative example, we discuss one of the many
possible UV completions of the effective operators in (6).
3. UV COMPLETION
The effective operators of (6) can be easily obtained
from a full UV complete model. Since, in our case the
PQ symmetry is identified with γ5(B + L) symmetry,
any viable UV complete model in its PQ unbroken phase
should preserve U(1)γ5(B+L) at the Lagrangian level and
to all orders in perturbation theory. It should only be vio-
lated by instanton effects, generating the axion potential
that drives the theory to a CP conserving minimum.
Keeping these requirements in mind, one can UV com-
plete the model in several different ways. For sake of
illustration here we discuss only one of the simplest such
UV model. Apart from the SM fields, the scalar σ and
the SU(2)L doublet scalars required to give all fermions
masses2, we introduce a couple of scalar leptoquarks with
masses larger than the limit obtained in (8)
X = (3, 1,−1/3)2/3 , Y = (3¯, 1, 1/3)4/3 , (9)
In (9) the SU(3)c ⊗ SU(2)L ⊗ U(1)Y charges of lepto-
quarks are indicated in parenthesis while the γ5(B + L)
2 As we will discuss in coming section, we need four such scalars.
charge are in subscripts. The important couplings of
these leptoquarks are
yX u¯
c
RdRX , yY u¯
c
ReRY , κXY σ
∗ . (10)
where yX , yY , κ are coupling constants. Below the mass
scale of X,Y they can be integrated out leading to the
effective operator 1Λ3 u¯
c
Ru¯
c
RdReRσ. The presence of the
couplings in (10) implies that the vev of σ field not
only breaks PQ symmetry but also simultaneously in-
duces spontaneous as well as chiral (in this case only
right handed) proton decay as shown in Fig.1. As we re-
marked before, this particular UV complete model is just
one of the many possibilities. Other possible UV com-
plete models can lead to the other operator of (6) while
still other UV completions can result in both operators
of (6) being present simultaneously. In this short letter
we will not go in such details. The spontaneous proton
decay can in principle be distinguished from other types
of proton decay e.g. GUT mediated ones in proton decay
experiments as we discuss in next section.
4. DISCRIMINATING SPONTANEOUS AND
GUT MEDIATED PROTON DECAYS
There are four d = 6 effective operators leading to
proton decay [60]:
O1 = (uRdR)(qLlL) , O2 = (qLqL)(uReR) ,
O3 = (qLqL)(qLlL) , O4 = (uRdR)(uReR) . (11)
In usual GUT proton decay is typically gauge boson me-
diated. This makes it vectorial and dominated by the op-
erators O1 and O2. In contrast, owing to its origin from
U(1)γ5(B+L) symmetry, spontaneous proton decay is chi-
ral, associated exclusively to either purely left-handed or
purely right-handed fields.
Thus, in principle, if proton decay is ever detected, one
may be able to distinguish between our model and the
usual GUT proton decay. To do that, we define the ratio
R =
p
L−→ e+pi − p R−→ e+pi
p
L−→ e+pi + p R−→ e+pi
. (12)
In the above equation, the
R−→ and L−→ refer to the chirality
of the final state positrons; right-handed and left-handed,
respectively. The ratio R is a measure of the number of
chiral left handed vs right handed positrons in the final
state.
4p
uR
dR
uR uR
uR
eR
〈σ〉
X Y
pi0
FIG. 1: Diagram of spontaneous proton decay.
For usual SO(10) GUT gauge mediated proton decay
this ratio should be approximately zero 3. For our case
it is close to +1 or -1 depending on whether operator O3
or O4 dominates. One can easily envisage a general sit-
uation where this ratio can also be between the interval
[−1,+1] by introducing, in a UV complete model, the
appropriate leptoquarks for both left and right handed
fields, separately. However, since the corresponding lep-
toquark Yukawa coupling to matter are in general differ-
ent for both chiralities, barring fine tuned cancellation,
the ratio is expected to be non-zero.
Determination of R requires the discrimination of the
helicities of the final state positrons. In current experi-
ments like super-K and the future hyper-K, helicity mea-
surement is probably difficult. However, if proton decay
is ever observed, then the positron helicity determina-
tion can potentially be done by measuring the circular
polarization of its bremsstrahlung [61].
5. OTHER POTENTIAL EXPERIMENTAL
TESTS
We now briefly discuss some other possible experimen-
tal tests which can be used to test our proposal.
3 In other GUT models R can have calculable non-zero values
which depend on the Dynkin indices of the GUT representations
in which SM fermions reside.
1. Discriminating between axion models
As we mentioned before, our framework has some sim-
ilarities with the standard DFSZ model. It has, however,
some important differences as we discussed in previous
sections. Another major difference that can help to dis-
criminate between our model and the standard DFSZ is
the value of the ratio of axion couplings to photons and
gluons E/N . The DFSZ-like models predict a ratio [17](
E
N
)
DFSZ
=
8
3
, (13)
where E andN are the electromagnetic and QCD anoma-
lies respectively. In our case this ratio is predicted to be
4 : (
E
N
)
γ5(B+L)
=
14
3
. (14)
The effective coupling induced between the physical
axion and photons is given by [4]
Caγ =
αEM
2pifA
[E
N
− 1.92(4)
]
, (15)
In our case it is predicted to be
Cγ5(B+L)aγ ≈ 3.66CDFSZaγ . (16)
4 Note that this value can coincide with the DFSZ-III, where there
are three SU(2)L scalar doublets [23]. However, our framework
is considerably different from it and other tests like spontaneous
proton decay can still be used to distinguish our model from
DFSZ-III.
52. Exotic proton and neutrinoless double beta decays
As mentioned before, due to the γ5(B + L) nature of
the PQ symmetry, the pseudo-Nambu-Goldstone boson
(a) of the model behaves as an axion as well as a Majoron.
Thus, one can expect to also have exotic neutrinoless
double beta decay involving a emission [62] given by
(A,Z)→ (A,Z + 2) + 2e− + a (17)
Moreover, since the PQ breaking also triggers sponta-
neous proton decay therefore one can also expect exotic
proton decay again involving a emission given by
p→ pi0 e+ a , (18)
However, for the typical high energy breaking scale of
PQ symmetry (∼ 1011 GeV) both these processes will be
considerably suppressed.
6. OTHER SALIENT FEATURES
Finally we discuss some other salient features of our
proposal.
1. Are there extra Goldstone bosons?
As we remarked earlier, in order to give all SM fermions
masses, we require at least four different SU(2)L doublet
scalars with charge assignments given by
Hu ∼ (1, 2,−1/2)2/3 , Hd ∼ (1, 2, 1/2)2/3 ,
Hν ∼ (1, 2,−1/2)2 , He ∼ (1, 2, 1/2)2 . (19)
With all these doublets, the potential can exhibit a U(1)5
global symmetry and can have several Nambu-Goldstone
bosons. Only two of them, that will correspond to
U(1)Y ×U(1)PQ, are desirable. However, these unwanted
U(1) symmetries are not present in our case owing to the
presence of the following quartic terms
HνHeσ†σ† , HuHdHdHe† ,
HdHuHuHν† , Hd†HuHeHν† . (20)
These quartic terms break the unwanted U(1) symme-
tries thus eliminating all other Nambu-Goldstone bosons
except the axion. Thus, we conclude that the only U(1)
symmetries at the potential are the hypercharge U(1)Y
and the PQ symmetry U(1)PQ leading to axions.
2. Residual discrete symmetry
As we mentioned before, the vev of the scalar σ breaks
the continuous U(1)γ5(B+L) symmetry down to a discrete
Zn subgroup. The residual Zn subgroup can be com-
puted by looking at the PQ charges of the fermions and
σ. Since σ has charge +2 and the quarks have charge 1/3,
the unbroken symmetry turns out to be a Z6 with qL ∼ ω
and qR ∼ ω5 under it; ω being sixth root of unit with
ω6 = 1. All the leptons will transform as ω3 under the
residual Z6. Since Z6 is an even Zn group and neutrinos
transform exactly as ωn/2 ≡ ω3 under it, therefore they
can be Majorana in nature [63]. Indeed as we showed
earlier, Majorana mass do appear for right-handed neu-
trinos after breaking of PQ symmetry, in turn inducing
the seesaw mass for left handed neutrinos as well.
Since the scalars Hu, Hd required for generating quark
masses also carry PQ charge, therefore after electroweak
symmetry breaking they will further break the Z6 down
to a Z2 symmetry. The breaking can potentially intro-
duce the well-known domain wall problem [64]. However,
just like in DFSZ model it can be solved by standard
mechanisms.
3. Absence of FCNC
Due to presence of several scalars, potentially danger-
ous flavor changing neutral currents (FCNC) mediated
by the scalars can arise. Our framework, however, is
free of such dangerous interactions. The reason is that,
thanks to the chiral nature of PQ symmetry, each scalar
couples selectively to only one kind of fermion. This au-
tomatically implies that the mass matrix of each fermion
is proportional to its Yukawa coupling matrix
Mf ∝ Yf → [Mf , Yf ] = 0 . (21)
Since they commute they can be simultaneously diag-
onalized, avoiding FCNC. We like to point out that the
absence of FCNC is actually a generic feature of PQ mod-
els and is not really unique to our case. However, it is
reassuring to see that it is applicable to our case as well.
7. AXIAL (B − L) AS PQ SYMMETRY
One may easily envisage that in a similar way, PQ sym-
metry can be associated to γ5(B−L) symmetry. In such
6a case the PQ charges of the leptons and the scalars have
to be changed appropriately. While this assignment also
works to solve the strong CP problem leading to axions
and linking it to neutrino mass generation, it does not of-
fer the possibility to test it through the spontaneous chi-
ral proton decay. In addition the axion-photon coupling
will change according to new PQ charge assignments, i.e.
since lepton PQ charge flips its sign the anomaly coeffi-
cient E changes affecting the ratio E/N , now given by(
E
N
)
γ5(B−L)
= −4
3
. (22)
Finally we point that due to presence of the Yukawa cou-
plings and scalar quartic terms like (20), both symme-
tries, γ5(B−L) and γ5(B+L), cannot hold at the same
time.
8. AXIAL BARYON NUMBER AS PQ
SYMMETRY
One can straightforwardly extend our arguments to as-
sociate PQ to the axial version of baryon number, as
in the pioneer work of [1–3]. However, a SM singlet
is needed to break U(1)γ5B at high energies. The fact
that leptons carry no axial baryon charge renders our
model different from the minimal DFSZ, needing an ex-
tra SU(2) doublet Higgs H lep ∼ (1, 2, 1/2)0 with no PQ
charge, giving mass to the leptons. In this case neutrino
mass and axion mass scales are disconnected and the pre-
dicted coupling to photons is different, since E/N = 5/3
in this scenario. Additionally, two body proton decays
being ∆(B+L) = 2 processes, cannot be connected with
PQ symmetry breaking.
9. CONCLUSIONS AND OUTLOOK
We have shown that one can associate the origin of
Peccei-Quinn symmetry to the axial version of the well
known U(1)B+L symmetry of the Standard Model. Un-
like other axion models where PQ symmetry is a new
ad hoc symmetry and the charges of SM fermions un-
der it are not fully fixed, the assumption U(1)PQ =
U(1)γ5(B+L) makes the model highly predictive. In fact,
all the couplings to matter are fixed once the axion decay
constant fA is known. The conceptual and phenomeno-
logical implications of this identification are diverse and
intriguing. The (B + L) nature of PQ symmetry implies
that the scale of PQ breaking is associated with the see-
saw scale of neutrino mass generation. It also implies
that the spontaneous breaking of PQ symmetry can also
trigger the novel phenomenon of spontaneous chiral pro-
ton decay, allowing us to distinguish between our model
and other theories such as usual GUTs.
We also discussed differences with other standard axion
models like DFSZ axion model. Thus, if the axion and/or
proton decay is ever observed, it will not be a hard task
to fully test our proposal.
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